Minor coat protein IIIa is conserved in all adenoviruses and required for correct viral assembly, but its precise function in capsid organization is unknown. The latest adenovirus capsid model proposes that IIIa is located underneath the vertex region. To obtain experimental evidence on the location of IIIa and further define its role, we engineered the IIIa gene to encode heterologous N-terminal peptide extensions. Recombinant adenovirus variants with IIIa encoding six-histidine tag (6-His), 6-His and FLAG peptides, or 6-His linked to FLAG with a (Gly 4 Ser) 3 linker were rescued and analyzed for virus yield, capsid incorporation of heterologous peptides, and capsid stability. Longer extensions could not be rescued. Western blot analysis confirmed that the modified IIIa proteins were expressed in infected cells and incorporated into virions. In the adenovirus encoding the 6-His-linker-FLAG-IIIa gene, the 6-His tag was present in light particles but not in mature virions. Immuno-electron microscopy of this virus showed that the FLAG epitope is not accessible to antibodies on the viral particles. Three-dimensional electron microscopy (3DEM) and difference mapping located the IIIa N-terminal extension beneath the vertex complex, wedged at the interface between penton base and the peripentonal hexons, therefore supporting the latest proposed model. The position of the IIIa N-terminus and its low tolerance for modification provide new clues for understanding the role of this minor coat protein in adenovirus capsid assembly and disassembly.
Introduction
Adenovirus (Ad) has been found in every class of vertebrates including mammals, birds, fish, amphibians and reptiles 1 . In humans they cause common respiratory, gastrointestinal and eye infections, with 51 different serotypes described so far. Although the most common type of adenovirus infection is subclinical, adenovirus-induced diseases are responsible for significant morbidity in immuno-compromised patients and children in underdeveloped areas 2 . They are widely used as vectors for gene therapy, and have showed promise in vaccine delivery and oncolysis 3; 4 . Because of this dual relationship between adenoviruses and humans (as pathogenic agents and therapeutic tools), accurate knowledge of capsid structure is fundamental to both the discovery of anti-adenovirus drugs and the design of new, efficient viral vectors for gene therapy.
At least 11 structural proteins combine to form the non-enveloped icosahedral adenovirus capsid that contains the dsDNA-protein core complex. The virion has a diameter of approximately 900 Å not counting the fibers, and a particle mass of 150x10 6 Da 5 . Each capsid facet has 12 trimers of the major coat protein, hexon. At each vertex, five penton base subunits form the penton base, which is complexed with a trimer of the long projecting fiber. The crystal structures of hexon and the vertex proteins (penton base and fiber) have been solved 6; 7; 8; 9 .
Atomic resolution structures are not presently available for any of the adenovirus minor coat proteins (polypeptides IIIa, VI, VIII and IX). These proteins are thought to play a dual role in stabilizing the virion while allowing the flexibility necessary for its disassembly during infection 10 . However, the specific role of each minor coat protein in capsid assembly is not known.
Polypeptide IIIa is conserved in all adenoviruses described so far 1 , with an estimated copy number of 60 5; 11; 12 . In human adenovirus type 5 (Ad5) the 585 amino acid precursor pIIIa is cleaved by the viral protease during particle maturation, removing 15 residues from its Cterminus and giving rise to the 570 amino acid, 63.5 kDa mature protein 12; 13 . Polypeptide IIIa has a role in capsid assembly, as shown by studies on the Ad2 ts112 mutant. When grown at the non-permissive temperature, ts112 contains similar amounts of IIIa as the wild type virus, but it produces mainly low density particles depleted in core components 14 . These are reminiscent of assembly intermediates blocked at a late stage of assembly, probably DNA encapsidation.
Early experimental work produced somewhat conflicting evidence about the location of IIIa.
On one hand, co-immunoprecipitation and cross-linking assays indicated that IIIa was interacting with core polypeptide VII, and was thus probably internally placed 12; 15 . On the other hand, a serum raised against IIIa was able to immunoprecipitate intact virions 15 , suggesting exposure on the outer capsid surface. Assays estimating the degradation rates of proteins in the virion by Argon plasma etching found that IIIa and polypeptide VI are degraded at intermediate rates,
suggesting a position inside the capsid but not deep in the core 16 . A model based on combined electron microscopy (EM)/X-ray imaging studies on Ad2 11 fulfilled both requirements by placing IIIa at the facet edges, with about 2/3 of the protein bulk on the external capsid surface, while the rest was assigned to an inner density region directly below. However, recent studies have challenged this and other assignments of minor coat protein localizations in the capsid.
First, reconstructions of polypeptide IX-deleted mutants showed that the lack of IX resulted in loss of density at both the positions assigned to IX and the external part of IIIa 17; 18 . While Fabry and coworkers interpreted their maps in terms of IIIa being present only outside the capsid and destabilized in the absence of IX, Scheres and coworkers showed immunolabeling data suggesting that IIIa is not exposed at the virion surface. Second, a 3DEM map of adenovirus with GFP fused to the C-terminus of IX showed extra density above the external position assigned to IIIa, raising the possibility that either the density on the capsid surface assigned to IIIa corresponds to the C-terminal region of IX instead, or that modifications to IX result in the ejection of IIIa 19 . Third, a 6 Å resolution adenovirus map interpreted with the help of secondary structure predictions has proposed new locations for all minor coat proteins, reassigning IIIa to an internal position close to the vertex 20 . Whereas all these interpretations are plausible and consistent with their respective data, the need for direct experimental evidence for minor capsid protein locations is clear. A recent study on the structure of canine adenovirus supports the location of the C-terminal domain of IX at the capsid edges 21 , but there is at present no experimental confirmation regarding the position of IIIa or any of the other minor coat proteins.
Here we describe the design, construction and characterization of Ad5 mutants containing heterologous peptide extensions at the N-terminus of protein IIIa. The behavior of the different constructs regarding viral rescue, extension incorporation and capsid stability is evaluated.
3DEM analyses reveal the location of the IIIa N-terminal extension within the capsid. The implications of our findings for the role of polypeptide IIIa in viral assembly and disassembly are discussed.
Results
To investigate the role of polypeptide IIIa in adenovirus capsid assembly, we constructed recombinant Ad genomes encoding heterologous peptide extensions at the N-terminus of IIIa (Fig. 1) . The N-terminus was selected because the pIIIa C-terminus is cleaved off by the adenoviral protease during virion maturation 13 . Peptide extensions were incorporated into IIIa between the first two methionines and included a 6-His tag (Ad5H 6 IIIa), an 18-residue extension comprised of a 6-His tag and a flexible FLAG-containing linker (Ad5Luc1-HFpIIIa), and a 31-residue extension containing a 6-His tag, a flexible linker containing three G 4 S repeats and a FLAG peptide (Ad5GLflagIIIa). To explore the capacity of the IIIa capsid locale to tolerate more structurally complex moieties, we introduced a 60-residue extension containing a 37-residue (45Å) alpha helix spacer 22 between the 6-His and FLAG sequences (Ad5Luc1-H45FpIIIa The capsid incorporation of modified IIIa polypeptides was assessed in the context of defective and normal virions using Western blot analysis for the presence of IIIa-incorporated 6-His and FLAG peptides as described above. As can be seen in Fig. 2B , the 6-His tag was present in However, no 6-His-containing protein was detected in mature Ad5GLflagIIIa virions. While confirming the presence of intact 6-aa and 18-aa peptide extensions at the IIIa N-terminus in mature Ad5H 6 IIIa and Ad5Luc1-HFpIIIa viral particles, these data indicated that a part of the 31-aa extension that includes the 6-His tag is absent from Ad5GLflagIIIa particles, even if the complete extension is correctly expressed and incorporated into immature particles.
Since previous evidence indicated a role for polypeptide IIIa in capsid assembly, we tested the thermostability of Ad5Luc1-HFpIIIa and Ad5GLflagIIIa virions to see whether extensions of the IIIa N terminus affected the efficiency of virus infection. The relative stability of Ad5Luc1-HFpIIIa, Ad5GLflagIIIa, and Ad5GL was assessed based on reduction of Ad-mediated gene transfer levels subsequent to virus incubation at 45°C which were calculated with respect to untreated virus samples. These experiments did not reveal any significant changes in infectivity of Ad5Luc1-HFpIIIa and Ad5GLflagIIIa viruses as compared to the Ad5GL control (Fig. 3) thereby indicating that the N-terminal extensions introduced into protein IIIa do not interfere with viral capsid integrity required for cell infection.
We then used Ad5GLflagIIIa for studies aimed to elucidate the location of the N-terminal IIIa modification in the capsid. We first performed immuno-electron microscopy (immuno-EM) using a gold-conjugated secondary Ab for visual detection of the N-terminal tag. As positive controls, we included Ad5EZ-pIX-Flag-45A-6His F5/3 and Ad5EZ-pIX-Flag-10A-6His F3/3
vectors that encode modified IX proteins displaying both FLAG and 6-His sequences separated by either 45Å or 10Å alpha helix spacers, respectively. No significant label was detected on Ad5GLflagIIIa viral particles, neither intact nor broken, in experiments performed with either anti-6-His-tag or anti-FLAG antibodies. Both antibodies successfully recognized the corresponding epitopes when displayed at the polypeptide IX C-terminus (Fig. 4) , even showing quantitative label differences related to the different accessibility of the 6-His tag when two constructions with different linker lengths were compared ( Table 1) . This indicates that the FLAG epitope in the IIIa extension, while present in the capsid as shown by Western blot, is masked by other viral components. close to the vertices. Vertex density was weaker than that of hexons in the Ad5GLflagIIIa map, which originated a negative difference peak encompassing the penton. The Ad5GLflagIIIa penton occupancy was only 45% that of the control Ad5GL. This indicates that on average, more than 6 pentons are lost per particle. It was therefore necessary to investigate the possibility that the positive difference peaks close to the penton arose as a consequence of structural rearrangements due to the absence of some vertex components.
Since it is not possible to differentiate particles lacking part of their pentons directly in the experimental images, we resorted to a single particle reconstruction (SPR)-based classification method 18 . SPRs were obtained for all particles in the Ad5GLflagIIIa dataset, using an algorithm previously shown to reduce the SPR artifacts at the symmetry axes. Two subsets containing approximately 30% of the complete original image dataset each were selected, and used to calculate two 3D maps corresponding to those particles with highest (Ad5GLflagIIIa_high) and lowest (Ad5GLflagIIIa_low) penton densities. These maps were subsequently compared to a map calculated from a similar number of Ad5GL particles selected at random throughout the defocus groups (Ad5GL_subset). Penton occupancy was 71% and 7% for the Ad5GLflagIIIa_low showed no significant difference at this position (not shown). Therefore we conclude that the positive difference peak is not related to penton loss but to the presence of the IIIa N-terminal extension. The (Ad5GLflagIIIa_low minus Ad5GL_subset) map did not show any significant negative difference peaks other than the penton itself, indicating that even in the lowest penton occupancy particles no other icosahedrally ordered components were lost.
A surface rendering of the 14 Å resolution difference map contoured at 3σ sigma level over the Ad5GL 3D map is shown in Fig. 6a , c. There were no significant difference peaks outside the capsid. The strongest peaks above noise level are located on the inner shell surface, close to the interface between penton base and the peripentonal hexons. There are 60 such peaks in the difference map, in agreement with the biochemically determined polypeptide IIIa copy number 11; 12 . The difference peak is nestled within a canyon (Fig. 6c) , and is seen to be masked by other densities when the contouring threshold of the Ad5GL map is slightly lowered (not shown). This may explain why there was no label in broken particles in our immuno-EM studies. Fitting of a FLAG peptide crystallographic model into one of the difference peaks shows that its volume is just large enough to contain the FLAG tag (Fig. 6b) . Fitting of the high resolution structures of penton base 7 and hexon 6 onto the Ad5GL map provides a clearer view of the position of the IIIa N-terminus with respect to these capsid components (Fig. 6d, e) . The IIIa N-terminal extension is located at the opening of a crevice defined by the penton base and two adjacent peripentonal hexons. The center of the difference peak is approximately 15 Å away from the closest atoms present in the penton base and hexon structures. Five residues in each terminus of hexon, and 51 residues at the penton base N-terminus, are not present in their crystal structures, but are in regions oriented towards the core. The N-terminus of polypeptide IIIa, as located by our difference mapping, is within reach of interactions with some of these terminal residues.
Discussion
We have tested the effect of modifying adenovirus minor coat protein IIIa on capsid assembly and stability. The N-terminus of IIIa was chosen for incorporating extensions, due to proteolysis of the C-terminus during virus maturation. We have determined The only part of the 31-residue extension that was unequivocally present in Ad5GLflagIIIa virions was the FLAG peptide. Since there are no detectable epitopes in the flexible linker, it is not possible to determine the exact extension length(s) of IIIa in these virions. The difference peak corresponding to the IIIa N-terminal extension in the 3DEM difference map is just large enough to accommodate a structured FLAG peptide. This would agree with either the FLAG tag being the only part of the extension present in most of the viral particles, or with the FLAG being the only extension element ordered enough to appear in an averaged, icosahedrally symmetric 3D map. This would be expected, as the FLAG tag is the region of the heterologous peptide closest to the protein native N-terminus.
The positions of adenovirus minor coat proteins in the capsid were established in one of the first combined X-ray/3DEM imaging studies 11 . Recently, a new model has been proposed based on an improved 3DEM map (6 Å vs. 25 Å resolution) and secondary structure predictions 20 .
Experimental confirmation on the location of as many capsid components as possible will facilitate interpretation of any future adenovirus structural data. Our difference map places the IIIa N-terminal extension close to the newly predicted position for IIIa, at the inner interface between penton base and the peripentonal hexons, and therefore supports the new model.
Previous evidence indicated that at least part of IIIa would be exposed on the capsid surface 15 .
Both the model by Saban et al. 20 and the results reported here refer only to the position of the Nterminal region of polypeptide IIIa, so there might still be a question of whether the C-terminal region of IIIa is actually exposed. Several lines of evidence support the hypothesis that it would also be internally located, possibly in contact with the viral core. First, 15 residues at the Cterminus of pIIIa are cleaved by the adenoviral protease upon virion maturation 13 . The protease is packaged together with the viral genome and uses DNA as a cofactor 27 , so presumably the cleavage region has to be close to the core. Second, previous immunoEM assays using a polyclonal serum against IIIa showed labeling of broken particles only 18 . This indicates that not only the N-terminal region, but epitopes throughout the polypeptide chain are not accessible to antibodies from the outside.
Our results show that there is little tolerance for incorporation of extensions at the N-terminus of IIIa, such that only the shortest and less structured ones could be rescued. This implies a relevant role for this region of the protein during assembly. Although heat treatment assays indicated no detectable difference in infectivity between viruses containing wildtype or modified IIIa, it is interesting that the penton density in our Ad5GLflagIIIa 3DEM map is weaker than that of hexons, indicating that in these viruses there is a tendency to release vertex proteins. This is not an uncommon occurrence in adenovirus preparations, depending on the particular purification protocol or storage conditions 17; 19 , and so it must be interpreted with caution.
However, it is tempting to relate partial penton loss with the modifications introduced in the IIIa N-terminus, which we have mapped to the interface between penton base and the peripentonal hexons on the inner capsid surface.
It has been reported that the Ad2 ts112 mutant, with just three amino acid changes in polypeptide IIIa, accumulates light particles with little or no DNA when produced at the nonpermissive temperature 14; 28 . This is a sign that IIIa has a role in correct genome packaging. Like Ad5GLflagIIIa, Ad2 ts112 has a tendency to lose pentons, as shown by gaps in the capsid in negatively stained EM images 14 . Structural studies have revealed a striking similarity between adenovirus and the bacterial virus PRD1 29; 30; 31 . In the PRD1 crystal structure, the position under the vertex at which we find the IIIa N-terminus is occupied by the small (117 residues) capsid protein P16 32 . P16 links the icosahedral PRD1 capsid to its internal membrane, a structural feature that does not exist in adenovirus. Nevertheless, like we show here for the IIIa N-terminus, five copies of P16 are present at each vertex. They interact with the PRD1 penton base P31, the peripentonal P3 capsomers, and the small cementing protein beneath the capsid edges P30. PRD1 mutants lacking P16 can assemble and package the viral genome with as much efficiency as the wild type virus, but upon purification they lose the DNA and the vertex structures, much as seen for the Ad2 ts112 mutant 33 . It seems therefore likely that IIIa is the adenovirus counterpart of PRD1 P16. Both proteins would be required for stabilization of the vertex and the packaged genome, and may be involved in coordination of DNA release events during infection. 38 . A conventional PCR-based approach followed by cloning of the PCR products into the NheI site of the shuttle plasmid pShlpIX Flag was used to generate its derivatives carrying the IX-FLAG sequence fused to the 6-His containing motif via two different spacers. To amplify the 10 aa spacer with the GSRGS(H) 6 motif a shuttle plasmid pNEB.pk.RGS6HSL containing Ad5 fiber gene with GSRGS(H) 6 at the C-terminus was used as a PCR template 39 To introduce the above protein IX modifications into the AdEasy-1 backbone, carrying either F5/3 or F3/3 fiber genes, the corresponding pShuttle plasmids were linearized with PmeI (between the homology arm sequences) and recombined with AdEasy-1F5/3 or AdEasy-1F3/3 backbone plasmids in BJ5183 strain of E. coli as described previously 40 . In order to generate AdEasy-1 backbones with F5/3 or F3/3 fibers we first generated AdEasy-1 with fiber gene replaced by a unique SwaI site and then recombined the SwaI-linearized fiberless backbone with two shuttle vectors pKAN3.1F5/3 and pKAN3.1F3/3 as described elsewhere 41 . The fiberless AdEasy-1 was constructed by recombination of the commercial AdEasy-1 vector with pZero2∆E3.6.9, which in turn was derived from the parental pZero2E3.6.9 plasmid by deletion of the E3 region by a two step PCR approach. Briefly, in the first step two pairs of PCR primers were used to generate a couple of PCR fragments, amplifying 160 and 300 bp size fragments of the Ad5 sequence located between and adjacent to the unique sites ApaI and SwaI in Cells were lysed 20 h postinfection and luciferase activity was analyzed by using the Promega (Madison, Wis.) luciferase assay as we previously described 40 .
Materials and Methods

Construction of recombinant
Construction of recombinant IX-modified
Immuno-electron microscopy. Samples of Ad5GLflagIIIa and Ad5GL to be used for electron microscopy were stored at -70ºC in small aliquots, to avoid repeated freezing and thawing.
Viruses were adsorbed for 5 min onto glow-discharged, Formvar/carbon coated nickel grids.
The Ad5GL vector, which is structurally wild type, was used as a negative control. Ad5EZ-pIX- EM.GAF10) in TBS/BSA for 30 min. After three rinses in TBG, and three in TBS, grids were stained with 2% uranyl acetate and examined in a JEOL 1200 EX-II electron microscope. For gold particle count, micrographs were taken at 25x magnification from areas selected at low magnification.
Cryo-electron microscopy. Ad5GL and A5GLflagIIIa virus samples were dialyzed for 1 hour at 4ºC against 10 mM phosphate buffer pH 7.2, 150 mM NaCl, applied to freshly carbon-coated, glow discharged Quantifoil R2/4 300 mesh Cu/Rh grids, and vitrified in liquid ethane using a Leica CPC plunger. Grids were mounted in a Gatan 626 cryostage and examined in a FEI Tecnai G2 FEG microscope operating at 200 kV. Micrographs were recorded on Kodak SO-163 film under low dose conditions at a nominal magnification of 50,000x, and digitized in a Zeiss
Photoscan TD scanner using a step size of 7 µm (1.4 Å in the sample).
Three-dimensional reconstruction and difference mapping. Image processing and threedimensional reconstruction were performed using the software packages Xmipp 42; 43 and SPIDER 44 . The contrast transfer function (CTF) parameters of each micrograph were determined from its rotationally averaged power spectrum, obtained by patch averaging.
Micrographs free of drift and astigmatism were selected and downsampled to a final pixel size of 4.2 Å/px. Only those micrographs within a common underfocus range (1.7 to 5 µm) for both Ad5GL and Ad5GLflagIIIa were further used for calculation of the 3D maps (66 micrographs for Ad5GL, 89 for Ad5GLflagIIIa).
Initial sets of 3120 (Ad5GL) and 3870 (Ad5GLflagIIIa) particles were manually selected, extracted into 275x275 pixel boxes, and normalized. Images were sorted into defocus groups and iterative projection matching was carried out within each group, using as a model the 3D map calculated in the previous iteration, affected by the corresponding CTF 45 . For every iteration, separate 3D reconstructions were calculated in each defocus group and then combined into a
Wiener filter CTF corrected map 46 . The initial model for the first projection matching iteration was a previously obtained Ad5 3D map 18 . Particles giving the worst correlation coefficient values during projection matching were rejected. A total of 2575 (Ad5GL) and 3171 (Ad5GLflagIIIa) particles were included in the final 3D reconstructions. The resolution of the 3D maps was estimated using the FSC=0.5 criterion, considering only a shell loosely containing the icosahedrally ordered part of the capsid (radii 294 to 504 Å). Icosahedral symmetry was imposed throughout projection matching and reconstruction.
Single particle reconstruction (SPR) based classification. A 3D map was calculated from every single image in the Ad5GLflagIIIa dataset filtered at 30 Å, using the orientations determined by projection matching, and with icosahedral symmetry enforced. We have previously shown that the use of the iterative reconstruction algorithm ART 47 with a lowresolution starting volume considerable reduces artifacts in SPRs, a particularly critical feature when the region of interest for classification falls close to the icosahedral symmetry axes 18 .
Therefore, we calculated SPRs with ART using a starting volume created from a dataset containing two images from each defocus group (44 images in total), filtered to 30 Å resolution.
SPR calculations were carried out in an HP Proliant cluster with 32 nodes and 2 Intel Xeon 3.06
GHz CPUs per node. The average density value of each SPR within a mask covering the penton was calculated and used to select two SPR subsets, each containing approximately 1/3 rd of the complete dataset, with either the strongest or the weakest penton density values. The corresponding experimental images were then used to calculate two 3D maps, one with the highest penton density images and another one with the lowest (977 and 972 images respectively). For the Ad5GL control, 980 experimental images were randomly selected covering a defocus range similar to that of the SPR-selected Ad5GLflagIIIa subsets, and a 3D reconstruction calculated. Penton occupancy for each map was defined as the penton/hexon density ratio, with the value for Ad5GL taken as 100%. The ratios were calculated for all maps by comparing their average density values within masks that segmented either the penton or one of the peripentonal hexons.
Difference maps. To calculate the various difference maps, 3D maps to be compared were filtered to a common resolution limit, grayscale normalized within radii 294 to 504 Å, centered, and brought to a common scale before subtraction. The difference values were normalized to average 0 and standard deviation 1 within the same radii.
Fitting of high resolution structures.
A FLAG peptide structure model was taken from the crystal structure of peptidylglycan hydrolase ALE-1 (PDB ID 1R77) and fitted to the Ad5GLflagIIIa-Ad5GL difference peak, using UCSF Chimera 48 . The structures of penton base and the peripentonal hexons from a previously reported Ad5 quasi-atomic model 17 (PDB ID 2BLD) were obtained from the VIPERDB virus structure database 49 . After manually placing the models onto the Ad5GL 3D map, the fit was refined using UCSF Chimera. Surfaces for the high resolution structures were calculated and displayed with the UCSF Chimera Multiscale Models tool. 
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